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(54) Production of polypropylene 



(57) A process for producing polypropylene, the 
process comprising homopolymerising propylene or co- 
polymerising propylene with one or more comonomers 
selected from ethylene and C 4 to C 10 1 -olefins in the 
presence of a metaliocene catalyst system comprising 
(a) a metaliocene catalyst of general formula R"(XR m ) 
(Cp'R' n )MQ 2 , wherein X is a cyclopentadienyl moiety 
(Cp) or a heteroatom, Cp' is a substituted or unsubsti- 
tuted fluorenyl ring; each R is independently hydrogen 
or hydrocarbyl having 1 to 20 carbon atoms in which 0 
< m < 4; each R' is independently hydrocarbyl having 1 
to 20 carbon atoms in which 0 < n < 8; R" is a bridge 
which comprises a C r C 20 alkylene radical, a dialkyl ger- 
manium or silicon orsiloxane, or an alkyl phosphine or 
amine radical, which bridge is substituted or unsubsti- 



tuted, M is a Group IVB transition metal vanadium or a 
lanthanide metal and each Q is hydrocarbyl having 1 to 
20 carbon atoms or halogen, and (b) a cocatalyst which 
activates the catalyst component, the homo- or co- po- 
lymerisation being performed in a slurry process in a hy- 
drocarbon diluent for the polypropylene or being per- 
formed in a solution process in a hydrocarbon solvent 
for the polypropylene, the concentration of propylene 
monomer in the diluent or solvent being lower than 70% 
by weight, based on the weight of the diluent or solvent, 
to produce a polypropylene homopolymer or copolymer 
having long chain branches on the polypropylene mol- 
ecules. 
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rpSo:rrc::srs;.:s ~ as - - - ~~ - • « 

Tuln?oSTeZ, r lTc| n 9 ° Perati0nS Where melt F*y an important ro,e include blow moulding 

» «n„?„„ I 9 therm ° f0 ™ n 9' flbre s P' n ™9 ^d foam extrusion. In thermoforming. a poor melt strength resurts fn 
a saggmg phenomenon. In fibre spinning, a poor melt strength can result in undesire .movements oTthelbres duf 2 
transverse forces^for example by cooling air, which ultimately can lead to "married" fib™ and Utre b eakaqe On the 

s P ^ u r: y rr 5 T t :t the siur * po,ymerisation ^ be <™ 50 <° 1 ^ - — * 

ma^be frlm ^ToObat" ^ S ° ,U,i ° n P °'>— ™y «» 50 to 2 00°C, and the pressure 

J? po,ymerisa,ion P eriod is Preferably from a few minutes to several hours 
lhe p ~ 

P rZZ ProoanehT" 6 mUS ' ^ ab ° Ve minlmUm SUP6rCritiCal Values for the *«■ <•"< the amounrofmonomer 
present). Propane has a m.n.mum supercritical temperature Tc of 96.8'C and a minimum supercritical pressure P Hf 

[001 3] The use of supercritical conditions greatly increases the activity of the metallocene catalyst. The metallocene 
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catalyst is selected so as to be thermally stable under such supercritical conditions. At a temperature and pressure 
above the supercritical values and most preferably in the absence of hydrogen, the metallocene catalyst activity may 
be high enough to produce polypropylene resins having very low catalyst residues and with long chain branching. 
[0014] The slurry process may be a slurry loop process which is carried out in two reactors in series, optionally with 

5 one reactor operating under supercritical conditions. 

[0015] Preferably, the homo- or co- polymerisations are carried out in the absence of hydrogen. Optionally, when 
there are two reactors in series, one reactor is operated without hydrogen to provide the high degree of long chain 
branching and the other is operated with hydrogen to provide higher processability, as a result of the formation of lower 
molecular weight molecules, for the resultant blend of the two fractions. 

10 [0016] Preferably, the propylene is a homopolymer produced in the absence of a comonomer. 

[0017] The polypropylene may be synthesised with batch, semi-continuous or continuous reactors in a slurry or 
solution process. 

[0018] The present invention further provides a polypropylene having a branching index g less than 1 and wherein 
for the relationship between the loss shear modulus G" and the storage shear modulus G', at values of the storage 
shear modulus G' below the value corresponding to the cross-over point, at which cross-over point the storage shear 
modulus G' is equal to the loss shear modulus G" and below which the storage shear modulus G' is lower than the 
loss shear modulus G", the ratio d(logG")/d(logG') is greater than 0.9. 
[0019] Preferably, the ratio d(logG")/d(logG') is greater than 1 at values of the storage shear modulus G' below the 
value corresponding to the cross-over point. 
20 [0020] The present invention yet further provides a polypropylene having a branching index g less than 1 and wherein 
the relationship between complex viscosity (y\) and angular frequency (w), at a value of angular frequency below the 
value corresponding to the cross-over point, at which cross-over point the storage shear modulus G' is equal to the 
loss shear modulus G" and below which the storage shear modulus G' is lower than the loss shear modulus G", shows 
an inflection point where d 2 (log ri)/d (log u>) 2 is zero, and below which the viscosity increases. 
25 [0021 ] The present invention still further provides a polypropylene having a branching index g less than 1 and wherein 
for the relationship between tan 5, where tan 8 is the ratio G7G\ and angular frequency (a>), at a value of angular 
frequency o> below the value corresponding to the cross-over point, at which cross-over point the storage shear modulus 
G' is equal to the loss shear modulus G" and below which the storage shear modulus G* is lower than the loss shear 
modulus G", there is a maximum in the curve where the value of d(tan 5)/d<o is zero. 
30 [0022] The polypropylene may be isotactic polypropylene or syndiotactic polypropylene. 

[0023] The present invention is predicated on the discovery by the present inventors that when polymerising propyl- 
ene to form isotactic or syndiotactic polypropylene, if a metallocene catalyst having a fluorenyl moiety is employed in 
combination with a low concentration of propylene monomer, this tends to enhance the formation of long chain branch- 
ing in the polypropylene molecules. This is particularly enhanced in the absence of hydrogen. Without being bound by 
theory, it is believed that the low propylene monomer concentration tends to provide an enhanced level of grafting of 
branches onto the growing unsaturated polypropylene molecules at the expense of reduced monomer incorporation. 
In contrast, when polypropylene is polymerised in a regular slurry bulk process or in a supercritical propylene process, 
the isotactic polypropylene is unbranched because the competition between propylene monomers and unsaturated 
polypropylene chains for their incorporation into the chains is largely in favour of the propylene monomer insertion. 
[0024] The polypropylene is produced using a metallocene catalyst having a fluorenyl substituent, which preferably 
is selected from: 

(Me2C(3-tertiary-Butyl-5-Me-Cp)(Flu)ZrCI2; isopropyl-cyclopentadienyl-fluorenyl zirconium dichloride; and 
(Ph 2 C)((Me 3 Si)Cp)(Flu)ZrCI 2 . 

45 

[0025] The Cp is a substituent cyclopentadienyl which is unsubstituted or substituted with, for example, Ph 2 CH, 
Me 3 C, Me 3 Si, Me, Me and Me 3 C,Me and SiMe 3 , Me and Ph, or Me and CH 3 -CH-CH 3 . 

[0026] The Cp' is a substituent fluorenyl which is unsubstituted or substituted, for example, with each R* being inde- 
pendently YR' 3 in which Y is C or Si and each R' is independently H or hydrocarbyl having 1 to 20 carbon atoms. 
so [0027] The heteroatom X may be : for example, N, P, S or O. 

[0028] The structural bridge R" is generally an alkylene radical having 1 to 20 carbon atoms, a dialkyl germanium or 
silicon or siloxane, alkyl phosphine or amine, preferably Me-C-Me, Ph-C-Ph,-CH 2 -, Et-C-Et, Me-Si-Me, Ph-Si-Ph or 
Et-Si-Et. 

[0029] The metal M is preferably Zr or Hf and each Q is preferably CI. 
55 [0030] The cocatalyst which activates the metallocene catalyst component can be any cocatalyst known for this 
purpose such as an aluminium-containing cocatalyst or a boron-containing cocatalyst. The aluminium-containing co- 
catalyst may comprise an alumoxane, for example methyl aluminium oxane, in an amount such that Al/M = 10-2000. 
In the slurry loop process, using supported metallocene catalyst, a cocatalyst is injected into the reactor, for example 
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mi£?? d t r ° m trMs0butyl a,umj ™™ (TIBAL) or triethyl aluminium (TEAL) 



(I) R- (Al-0)„-AlR2 



75 



20 



for oligomeric, linear alumoxanes and 

(II) (-A1-0-)* 



[0032] For oligomeric. cyclic alumoxane 
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clohexane; and arornatics such as benzene, toluene, ethylbenzene and diethylbenzene. 

[0042] Preferably the support material is slurried in toluene and the metallocene and alumoxane are dissolved in 
toluene prior to addition to the support material. 

[0043] In accordance with the invention, propylene and any optional alpha-olefinic comonomer are supplied to the 
5 reactor containing the metallocene catalyst. Typical comonomers include ethylene, butene. 4-methyl-1-pentene and 
1-hexene. Hydrogen may be additionally supplied to the reactor but most preferably no hydrogen is present during 
the polymerisation. Because the metallocene catalyst component of the present invention exhibits good comonomer 
response as well as good hydrogen response, substantially all of the comonomer when present, is consumed. 
[0044] The MFI of the polypropylene made in accordance with the present invention typically falls in the range 0.1 
10 to 2000 g/1 0', preferably in the range 0.5 to 1 000 g/1 0'. The melting temperature of the polypropylene is typically above 
85°C, most preferably above 1 00°C. The polypropylene preferably has a weight average molecular weight (Mw) in the 
range 5 to 5000 kDa, more preferably from 20 to 1000 kDa. The polydispersity index (D) preferably ranges from 2 to 
25. The long chain branching facilitates processing of the polypropylene. 

[0045] The CpFlu catalysts employed in accordance with embodiments of the present invention may be prepared 
broadly in accordance with the method of Razavi and Ferrara as published in Journal of Organometallic Chemistry. 
435( 1 992) pages 299 to 3 1 0 . 

[0046] The polypropylene may be an isotactic polypropylene or a syndiotactic polypropylene. Most particularly the 
polypropylene has been polymerised using a metallocene catalyst, in particular an isotactic polypropylene polymerised 
using a metallocene catalyst (hereinafter referred to as "miPP"). The polypropylene or polypropylene blend may have 
20 a monomodal molecular weight distribution or a multimodal molecular weight distribution, for example a bimodal mo- 
lecular weight distribution. 

[0047] This production of higher melt strength polypropylene enables the polypropylene to be used in a variety of 
different applications where melt strength is required when the polymer is processed from the melt for example in blow 
moulding, blowing of films, extrusion thermoforming and in the production of foams. 

25 [0048] The polypropylene may be a homopolymer of propylene or a random or block copolymer of propylene and 
one or more olefins selected from ethylene and C 4 to C 10 1 -olefins, which may be linear or branched. For example, 
the polypropylene may be an ethylene-propylene random copolymer containing up to 10wt% ethylene. The polypro- 
pylene homopolymer may be used as a matrix phase which is toughened by rubber particles, for example ethylene- 
propylene rubber particles, typically in an amount of up to 30wt%. 

30 [0049] Following polymerisation, the polypropylene may be washed with an acidic solution of an alcohol, for example 
methanol or isopropanol to precipitate it from a solvent for homogeneous polymerisation. The fluff is treated with con- 
ventional antioxidant additives to stabilise the polypropylene. 

[0050] Thereafter the polyolefin is mechanically processed in the melt, e.g. by extrusion, and granulated. 
[0051] In accordance with a preferred aspect of the invention, the polypropylene has increased melt strength. This 
35 particular Theological property provides an outstanding processing behaviour which allows the polypropylene based 
polymers produced in accordance with the invention to be suitable particularly for producing films, sheets, fibres, pipes, 
foams, hollow articles, panels and coatings. 

[0052] The invention will now be described in greater detail with reference to the following non-limiting examples 
and the accompanying drawings, in which: - 

40 

Figure 1 is a graph showing the relationship between the storage shear modulus log G" and the loss shear modulus 
log G* for polypropylenes produced in accordance with Example 1 and Comparative Examples 1 and 5; 

Figure 2 is a graph showing the relationship between complex viscosity t\ and angular frequency w for polyprop- 
4 $ ylenes produced in accordance with Examples 1 , 2 and 3 of the process of the invention and Comparative Examples 

1,2 and 5; 

Figure 3 is a graph showing for Examples 1 , 2 and 3 and Comparative Examples 1 , 2 and 5 the relationship between 
tan 5 and angular frequency u>. 
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[0053] The present invention will now be described in greater detail with reference to the following non-limiting Ex- 
amples. 

EXAMPLES 1 AND 2 

[0054] In these Examples, an isotactic polypropylene homopolymer was produced using a metallocene catalyst 
(thereby producing miPP representing metallocene-synthesised isotactic polypropylene) comprising Me2C(3-tertiary- 
butyl-5-methyl-cyclopentadienyl) (fluorenyl) zirconium dichloride, the polymerisation having been performed without 
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bSS^SSZ^ ? 9 , ' ymenSa,i0n pr0Cess The Po'y-eris^tion was performed in a 3 litre laboratory 

^SirM ^ M ^ ^ am ° Um ° f Pr0Py,ene m ° n0mer - The react ° r had ^en 
th. I; ■ . 9 ,0r 1 h0U " and then cooled 10 the reaction temperature of 80«C. In Examples 1 and 2 

oxanf ' n 30 am ° U " t * reSPeC,iVely - 2 ° m9 and 52mg ln each case «» methyl a S 

S2 2f2 ,n T f m0Un ! ° PPm bV Wei9ht b3Sed ° n the amounl of diluent The M A0 ^s added as 1 5ml of a 
3M% solution intoluene. In Example 1 the polymerisation was carried out using toluene as a solvent with herebei g 

w th^ 

monoml? ?2 T ° f *° bUtane and 1 litre of P r °Py'<^- each Example therefore, the volume ratio oTpropy e e 
monomer to solvent or d.luent was 50/50. The reaction temperature was 80°C and the pressure was 30 bar The 
-ction».mewa S 1 hour. Thereaction — ta™^^ ^.ng,,,. ^^^2^5^ 

i 0 c SL>M°iL E M mPle 1 ' 30 f' 3 " 1 ° f po| yP r °Py |ene fluff was stained after polymerisation by being washed with an 
E25i2T i'«= r °D P o, n ,0 PrSCipi,ate the POlymer and dried ' The * eld of homogeneous (unsupported) po 
iTdd"^ 

rnn« , uTl J ,he homo 9 eneous < unsu PP°rted) polymerisation was 11500gPP/g catalyst 

S srXm lllTT and ? mparative Exam P' es > the ™ *" stabilised with an ami oxidant additive, com- 

ESnJ?2T? m ""''t ' T f '° W ind9X (MR> ° f ar ° Und 320 d9/mi " ,0r Examp,e 1 and a ™" d ^OOdg/min 
oad of 2 16KC * ^ SPeC,f : Cat ' 0n ; the m6,t " 0W index < MFI > is ^asured by the procedure of ASTM D 1238 using a 

7 °:i :s e ; s:r;: 2 d 3 r for poiypropy,ene - ™ r - aiysis - — — - «% - 

!S Iu 6 properties of the Polypropylene of Examples 1 and 2 are shown in Table 1 

for m2 ,k m t° Ular WGi9ht distribution was determined by gel permeation chromatography. This resulted in a value 
or Mw, the we,ght average molecular weight, and a value for the polydispersity index (D) which is Mw/Mn where Mn 

molecular weight tends to be underestimated compared to linear molecules 
ESS lt i Skn T thataStr0n9inCreaSe ° ,mel,Vi ^ osi, y^) atlowfre P^ncyisobse^ 
e« 

irequency is dependent upon the degree of long chain branching 

£°„?L order t l ° quantif y the amount of '°ng ^ain branching in isotactic and syndiotactic polypropylene the aooli- 
orlS Th i 3 P3ra x at6r ' re,erred t0 h6rein 38 the branChin 9 factor 9' w hich is dateJneSm^^S 
Mw S« £ ' y Tf r ,0n9 Ch3in branChin9 f3Ct0r 9 Was established "y 'he ratio Mw (COP)/Mw h0) wnere 
Mw (COP) ,s the weight average molecular weight calculated from the cross-over point coordinates (W and G Was 
discussed hereinbelow) and Mw („0) is the weight average molecu.ar weight calculated ^z^^yS^Sl 
branching factor is equal to 1 ± 0.1 for linear isotactic or syndiotactic polypropylene Sd^^hmTlJSlI^ 

average mo ecular weight (M w ) values inferred from a dynamic frequency sweep on a viscoelastimeter such as the 
models available ,n commerce under the trade names RDA 700 or ARES 700 from the company RheTmetrics Sin 

Ehe^rad" 

?n°/ ■ . I 3 ? r ! P " 9 cond,tlons w ere set up as follows: the strain was set up to be from 10 to 

IIL J ' , L" ear ; ,scoelastic ran 9* ^e frequency sweep was from 0.1 to 500 radians/second- the o ate-pla e 
f^ZTrt- m d ' ameter ' ^ 3 P0 ' ymer * hiCkneSS therebetween of typically around 2mm In someinslces 
9 eXPerimem ^ C ° ndUCted 31 dWerent m6lt temperatures, for example a, 1 90»C and 2 To% and the 
deseed inT' 0 " 868 TT? 31 r£,erenCe t em Pe-ture of 230«C using a master curve approach which 

iTi^ST^ dependence of po,yo,e,in meu rheo,09y " H Mavridis and RN 

E!!2. f T ^ ° btained ' the St ° rage (G>) and ,oss < G "> sh ear moduli, as well as the complex shear melt 
COP £^ 
ver p n ^ 

when th J» ic m if,K _ c ° corros P° n °'ng circular frequency W c of the cross over point or 

when there is more than one cross-over point at the cross-over point of highest frequency can be used to inSTnfor 
mat,on P ertain,ng to the weight average molecu.ar weight K and its po.ydispersity'as e pa P e by 

G.R. Zeichnerand P.D. Patel, Proc. 2 nd World Cong. Chem. Eng. 6 333 (1981) a in me paper by 

££L ^H 1 ^ l ? ,ed 33 ' inear iS ° taCtiC P 0| yP'°Py'enes with M w values ranging from 70 kDa to 1200 kDa and 

trc^rprtL 0 ^" 
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M w (COP) = exp (6.767-0.1 87*(LnWc)-0.0129*(LnWc) 2 ) (for 
isotactic PP) 

5 

[0065] The weight average molecular weight (Mw) is specified in kDa. and is calculated with a standard deviation 
estimated to be around 5%. 

[0066] For the value M w (t|0) which is the weight average molecular weight at zero shear viscosity, this is calculated 
as follows. From the shear viscosity curve, it is possible to extrapolate the viscosity to the zero shear rate viscosity 
10 using an equation known as the Carreau-Yasuda equation which is described in the paper entitled "Correlation Between 
Molecular Structure and Rheological Behaviour of Polypropylene", K. Bernreitner, W. Neissl and M. Gahleitner, Polymer 
Testing ; 11^ 89 (1 992). As is well known in the literature, a power law relationship exists between i\ 0 and M w . Accordingly, 
using the same data as set out for the cross-over point the following equation for the weight average molecular weight 
at zero shear viscosity has been determined: 

15 

M w ( T lo)= ex P (3.5897+0,267*Ln(ii 0 )) (for isotactic PP) 

[0067] Similar equations relating Mw to COP and no can be derived for syndiotactic polypropylene (sPP). 
20 [0068] The weight average molecular weight M w is expressed in kDa with a standard deviation around 6%. The 
viscosity is expressed in Pascal, seconds. 

[0069] The branching factor g for any given isotactic or syndiotactic polypropylene is the ratio between the calculated 
value M w (COP) and M w (r| 0 ). 

[0070] In the Examples and Comparative Examples, the rheological measurements were performed on a Rheomet- 
25 rics apparatus at 230°C (0.01 - 1000 radians/second maximum range when using master curves). 

[0071] For Examples 1 and 2 the activation energy Ea was determined and was respectively 58 and 48 kJ/mol. These 
relatively high energy values indicate significant long chain branching. For linear isotactic polypropylenes, the activation 
energy Ea is between 37 and 42 kJ/mol. 

[0072] The branching factor g was determined for Examples 1 and 2 and gave respective values of 0.61 and 0.5. 

30 These are significantly less than the value of 1 for linear polypropylene. 

[0073] For each of the polypropylenes of Examples 1 and 2. the relationship between the logarithmic values of G" 
and G' were determined and for Example 1 results are shown in Figure 1 . In accordance with the invention, for the 
relationship between the loss shear modulus G" and the storage shear modulus G\ at values of the storage shear 
modulus G' below the value corresponding to the cross-over point, at which cross-over point the storage shear modulus 

35 G' is equal to the loss shear modulus G" and below which the storage shear modulus G' is lower than the loss shear 
modulus G", the ratio d(logG n )/d(logG') is greater than 0.9. For Figure 1, the slope of the curve in the low frequency 
region (low G' below around 1 00 Pa) the slope was 2.04. The corresponding slope for Example 2 was 1 .7. The existence 
of a slope in the plot of log G" versus log G' which is greater than 1 indicates the presence of significant long chain 
branching. This is in contrast with polypropylene having long chain branching obtained by a post reactor process such 

40 as irradiation or the addition of peroxide plus a co-agent, which gives a slope of 0,7 to 0.9, compared to a scope of 
from 0.6 to 0.7 for linear isotactic polypropylene. 

[0074] The polypropylene polymers of this invention exhibit rheological features that can be ascribed to the presence 
of long chain branching structures, for example a branching factor g below 0.9, in contrast to the value for linear 
polypropylenes which is 1 +/- 0.1 , an activation energy Ea above 42 kJ/mol for isotactic PP, and a slope in the log G M - 

45 log G' curve above 0.7 for G* values below the crossover point, typically below 1 00 Pa. 

[0075] Moreover, the polypropylenes produced in accordance with the invention exhibit particular flow curves in the 
relationship between complex viscosity and frequency, namely the presence of a sigmoidal curve with a yield stress 
at low frequency. Thus as shown in Figure 2, when the value of the complex viscosity is plotted against frequency for 
the polypropylenes of Examples 1 and 2, there is an inflection point in the plot at values below about 2 radians per 

so second leading to a significant increase (greater than 10%) in the complex viscosity at lower frequencies. Thus the 
polypropylenes exhibit a yield point in their flow curve at low frequencies, and the shear viscosity can no longer be 
described by the Carreau-Yasuda equation. This was manifested by a sigmoidal shape for the plot representing the 
relationship between complex viscosity and frequency. Such a sigmoidal curve is represented mathematically wherein 
for the relationship between complex viscosity (y\) and angular frequency (o>), at a value of angular frequency below 

55 the value corresponding to the cross-over point, at which cross-over point the storage shear modulus G' is equal to 
the loss shear modulus G" and below which the storage shear modulus G* is lower than the loss shear modulus G", 
the value of d 2 (logT|)/d(logu)) 2 is zero. This characteristic distinguishes the polypropylenes produced in accordance 
with this invention from those of high melt strength polypropylenes containing long chain branching produced by irra- 
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tTZlllT " ,msi ° nwi " 1 P eroxides and P^'b'y ^-agents. In contrast, such known high melt strength poly- 
propylenes having long chain branching do not exhibit a yield point in the flow curve and do no. exhibit a sSmoidal 

2 r^rpe^nd " ** ^ ^ « * 3 maXi ™ m Va ' U * at ,0W ^quencies be3o U nd 

2J5 ST^V!* entit ' ed " L ° n9 Chain branchinQ and *scoelasticity of ethylene-propvlene-diene 
elastomers , Kautschukt & Gumm, Kunsts.offe. Volume 44, page 1 28, 1 991 by H.C. Booij. a lower difference between 
he phase angle a. 0.1 and 100 radians per second in the time-temperature region close to the termina! eTaxa ion o 
!Z T^rTr^T 9 ' Uain branChin9 th6 P^P f °PV'^e. The viscoelastic damping is £pZI?^,£ 
in he value' Z T* S ' ?** P °^°^ P rodu ^d in accordance with the present invention having a maximum 
!, * 0f ta " * at ° w freQ : uenc * nam ^ly at frequencies below the cross-over point where G" is greater than G 
This s represented mathematically wherein for the relationship between tan 8, where tan 8 is the ratio G'VG and 

S ™« UenCV <W ,f 3 V3lUe °' an9U,ar freqUSnCy W bel0W the value ""responding to the cross over point at 
which cross-overpo.ntthe storage shear modulus G is equal to the lossshear modulus G" and below which the sXaqe 

3 where tr Z L" ^T" "T '°™ ^ m ° dU ' US G " ^ V3,Ue ° f «*" ^ * Z6r ° This is "«3 h^S 
3 where for the po ypropylenes of both Example 1 and Examp.e 2, a maximum value for tan 5 is found lower than a 

LX^bv S£ r radianSperSecond - '~ ast > for.inearpotypropy.enes and high me,, strength polyprop^es 

cros ofe ZZTZ^ZTr* inCreaS6 ° f dampin9 Parame,6r tan 5 iS observed for frequencies beL the 
cross-over point defined by the frequency at which G' equals G" and below which G" is greater than G For a oiven 

wt thtona ZnT y ' ? T? inCre3SeS " ^ m ° ,eCU,ar WeigW Al -nstanfva.ues of MR, the samples 

TaZir Z ' n9 H damPin9 th3n " near Samp ' e - F ° r ,he Propylene o, Examp.e 1 . the damping 

parameter tan 8 at OA radius per second is below that of the most branched polypropylene sample and the maximum 

00771 W Fu S rt °h e S r T ? ^ S6C0nd be ' 0W the freqUenCy ° f the ~er point (SOo'radians per sSondT 
S mSSTT" P0,yPr °P ylen ^ eXhibitin 9 10 "9 chain "ranching produced in the course of the invention also 
anS SET S one cross-over point (COP) constituted by a critical frequency where the storage shear modulus G" 
and the loss shear modulus G" are equal. The additional crossover points are at frequencies below the classical cross 
over po.nt frequency exhibited by linear polypropylene molecules or by polypropylene of high me Ts ength whfch have 
been irradiated or subjected to treatment by peroxides. »»«ngin wnicn nave 

[0078] The isotactic poiypropylenes produced in accordance with Examples 1 and 2 both exhibit several cross-over 

EXAMPLE 3 

[0079] In this Example, syndiotactic polypropylene (sPP) was produced using 41 .58 litres of cyclohexane as diluent 
to wh.ch 30 we.ght percent propylene as monomer had been added. After introduction of the cTa^comp^ng 75 
SdS 2irC ° niUm diCh ' 0ride and a uprising MAO Jan amo , H 2 

of sPP ob ai n.T„S!^«n P0lymensatl0n P roceeded for a Pe*d of two hours at a temperature of 55-C. The amount 
of sPP obtained was 5160 grams, representing a yield of 69067 gPP/g catalyst 
[0080] The properties of the polypropylene are summarised in Table 1 

SnJIlf eXhibi,ed 3 f ' 0W CUrV6 6Xhibiting 3 yield point ,or the relationship between the complex viscosity and 
frequency, three cross-over points, a maximum in tan 8 be.ow the cross-over point and a high slope in the .og G'Vlog 

COMPARATIVE EXAMPLE 1 

S Ji^^T^ E . a , mP ' e ' 3 cata| y stcom P™na (Me2Si(2Me-Ben Zy i-lndenyl)2ZrCI2 on a support of MAO- 

G'^na 100Pa T TJ ' fTT, 9 , ° '° 9 G ' * Sh ° Wn ln RgUre 1 ' ,l ma * be see n that be.ow a va.ue of log 
bein9 100 c: Pa ' the sl0 P e of ,he P |ot ls than 1 (0.62). The relationship between complex viscosity and frequencv 
s shown ,n F.gure 2. ., may be seen that there is no yield point at low frequency. The relationship beiwTn tan « 2Z 

COMPARATIVE EXAMPLE 2 

[0083] in this Comparative Example, the same catalyst as that of Example 1 was employed in an amount of 13mo 

2TJf in ^T I T Peri0rmed S0 ' ely in ' iquid pr °P ylene monor "er. Thus, two litres of propylene were intro- 
duced mto the reactor. After a reaction period of thirty minutes, 218g of isotactic propylene fluff were obtained. T°e 
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properties of the polypropylene produced are summarised in Table 1 . The relationship between complex viscosity and 
frequency is shown in Figure 2. It may be seen that there is no yield point at low frequency. The relationship between 
tan 5 and frequency is shown in Figure 3. It may be seen that there is no maximum value for tan 5 at a frequency below 
100 radians/second. 

5 

COMPARATIVE EXAMPLE 3 

[0084] In this Comparative Example, a catalyst comprising 2.5mg of benzyl indenyl zirconium dichloride was added 
to two litres of propylene monomer in the reaction vessel of Example 1. The reaction was stopped after a period of 
*o twenty minutes because of the high yield, namely 230,000g/g catalyst. The isotactic polypropylene also had the prop- 
erties indicated in Table 1 . 

COMPARATIVE EXAMPLE 4 

15 [0085] In this Comparative Example, Comparative Example 3 was repeated but with one litre of toluene being sub- 
stituted for one litre of propylene monomer (to give a 50/50 volume ratio of propylene to solvent) and with the catalyst 
being present in an amount of 0.7mg. The isotactic polypropylene recovered had the properties summarised in Table 1 . 

COMPARATIVE EXAMPLE 5 

20 

[0086] The polypropylene of this Comparative Example comprised a high melt strength polypropylene available in 
commerce from Montell under the trade name PROFAX 813. It may be seen from Figure 3 that this polypropylene did 
not exhibit a maximum in the value of tan 8 at frequencies below 1 00 radians per second. Also, no inflection is detected 
in the flow curve (Figure 2) and the slope in the graph G" versus G' is below 0.9 (Figure 1 and Tabic 1). This result 
25 emphasises the difference in molecular structure between polypropylenes produced in accordance with the invention 
and known high melt strength polypropylenes also with long chain branching. 

[0087] With the exception of the Comparative Example 5, in all of the other Comparative Examples, it may be seen 
that the activation energy Ea is lower than 42 kJ/mol indicating that the polypropylene molecules produced have a low 
degree of long chain branching and are substantially linear. The polypropylenes of the Comparative Examples 1 to 4 

30 also have a branching index g which is around 1 , indicating linearity of the polypropylene molecules. For each of 
Comparative Examples 1 to 4, the slope of the plot of log G" against log G' is less than 0.7. again indicating linearity. 
For none of the polypropylenes produced in accordance with the Comparative Examples 1 to 4 was there a yield in 
the flow curve or a maximum in the tan 6 / frequency graph. Furthermore, none of the polypropylenes produced in 
accordance with the Comparative Examples exhibited several cross-over points in the plot between both G' and G" 

35 and frequency. The Comparative Examples 1 to 4 show that when isotactic polypropylene is synthesised in bulk (i.e. 
with high concentration of propylene monomer) with cyclopentadienyl fluorenyl (CpFlu) or other catalysts, or synthe- 
sised in solution with bisindenyl catalysts, the isotactic polypropylene does not show any significant rheological features 
of long chain branching. Rather, the polypropylenes behave like typical linear polypropylenes. 

40 
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Claims 

1. A process for producing polypropylene, the process comprising homopolymerising propylene or copolymerising 
propylene with one or more comonomers selected from ethylene and C 4 to C 10 1 -olefins in the presence of a 
metallocene catalyst system comprising (a) a metallocene catalyst of general formula R"(XR m ) (Cp'R' n )MQ 2: 
wherein X is a cyclopentadienyl moiety (Cp) or a heteroatom, Cp' is a substituted or unsubstituted fluorenyl ring; 
each R is independently hydrogen or hydrocarbyl having 1 to 20 carbon atoms in which O < m < 4; each R' is 
independently hydrocarbyl having 1 to 20 carbon atoms in which 0 < n < 8; R H is a bridge which comprises a 
C r C 20 alkylene radical, a dialkyl germanium or silicon or siloxane, or an alkyl phosphine or amine radical which 
bridge is substituted or unsubstituted, M is a Group IVB transition metal, vanadium or a lanthanide metal and each 
Q is hydrocarbyl having 1 to 20 carbon atoms or halogen, and (b) a cocatalyst which activates the catalyst com- 
ponent, the homo- or co- polymerisation being performed in a slurry process in a hydrocarbon diluent for the 
polypropylene or being performed in a solution process in a hydrocarbon solvent for the polypropylene, the con- 
centration of propylene monomer in the diluent or solvent being lower than 70% by weight, based on the weight 
of the diluent or solvent, to produce a polypropylene homopolymer or copolymer having long chain branches on 
the polypropylene molecules. 

2. A process according to claim 1 wherein for the slurry polymerisation the polymerisation temperature is from 50 to 
120°C and the pressure is from 5 to 60 bars. 

3. A process according to claim 2 wherein the diluent is at least one hydrocarbon having from 1 to 6 carbon atoms. 

4. A process according to claim 3 wherein the diluent is at least one C 3 to C 6 alkane. 

5. A process according to claim 1 wherein for the solution polymerisation the polymerisation temperature is from 50 
to 200°C and the pressure is from 5 to 1 00 bars. 

6. A process according to claim 5 wherein the solvent is selected from at least one of toluene, xylene, cyclohexane 
and isopar. 

7. A process according to any foregoing claim wherein the homo- or co- polymerisations are carried out in the absence 
of hydrogen. 

8. A process according to any foregoing claim wherein the homo- or co-polymerisation is carried out in two reactors 
in series. 

9. A process according to claim 8 wherein a first reactor is operated without hydrogen and a second reactor is operated 
with hydrogen. 

10. A process according to any foregoing claim wherein the polypropylene is synthesised in at least one batch, semi- 
continuous or continuous reactor in a slurry or solution process. 

1 1 . A process according to claim 2, 3 or 4, or any one of claims 7 to 1 0 when appendant on claim 2, wherein the homo- 
or co- polymerisation is carried out under supercritical conditions in a slurry with the diluent. 

12. A process according to claim 11 wherein the diluent comprises a C.,-C 4 alkane or a mixture thereof. 

13. A process according to claim 12 wherein the diluent is propane 

14. A process according to any foregoing claim wherein the slurry process is a slurry loop process which is carried 
out in two reactors in series. 

15. A process according to claim 14 wherein one reactor is operated under supercritical conditions. 

16. A process according to any foregoing claim wherein X comprises a cyclopentadienyl moiety (Cp). 

17. A process according to claim 16 wherein the catalyst comprises Me2C(3-tertiary-butyi-5-methyl-cyclopentadienyl) 
(fluorenyl) zirconium dichloride. 
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18. A process according to claim 16 wherein the catalyst comprises isopropyl-cyclopentadienyl-fluorenyl 7irconium 
dichloride. 

19. A process according to any foregoing claim wherein the concentration of propylene monomer in the diluent or 
5 solvent is from 30 to 50% by weight, based on the weight of the diluent or solvent. 

20. A polypropylene having a branching index g less than 1 and wherein for the relationship between the loss shear 
modulus G" and the storage shear modulus G\ at values of the storage shear modulus G' below the value corre- 
sponding to the cross-over point, at which cross-over point the storage shear modulus G' is equal to the loss shear 

w modulus G" and below which the storage shear modulus G' is lower than the loss shear modulus G". the ratio d 

(logG")/d(logG') is greater than 0.9. 

21 . A polypropylene according to claim 20 wherein the ratio d(logG")/d(logG') is greater than 1 at values of the storage 
shear modulus G' below the value corresponding to the cross-over point. 

15 

22. A polypropylene having a branching index g less than 1 and wherein the relationship between complex viscosity 
(il) and angular frequency (w), at a value of angular frequency below the value corresponding to the cross-over 
point, at which cross-over point the storage shear modulus G* is equal to the loss shear modulus G" and below 
which the storage shear modulus G' is lower than the loss shear modulus G'\ shows an inflection point where d 2 

20 (tog n)/d(log u>) 2 is zero and below which the viscosity i] increases. 

23. A polypropylene having a branching index g less than 1 and wherein for the relationship between tan 6 ; where tan 
8 is the ratio G7G\ and angular frequency (o), at a value of angular frequency to below the value corresponding 
to the cross-over point, at which cross-over point the storage shear modulus G' is equal to the loss shear modulus 

25 G H and below which the storage shear modulus G' is lower than the loss shear modulus G'\ there is a maximum 

in the curve where the value of d(tan 5)/dco is zero. 

24. A polypropylene according to any one of claims 20 to 23 which is an isotactic polypropylene or a syndiotactic 
polypropylene. 

30 

25. A polypropylene according to any one of claims 20 to 24 wherein the polypropylene is a homopolymer of propylene. 

26. A polypropylene according to any one of claims 20 to 25 wherein the polypropylene is a random or block copolymer 
of propylene and one or more olefins selected from ethylene and C 4 to C 10 1 -olefins, which may be linear or 

35 branched. 

27. A polypropylene according to any one of claims 20 to 26 wherein the MFI of the polypropylene is in the range 0.1 
to 2000 g/10\ 

40 28. A polypropylene according to any one of claims 20 to 27 wherein the melting temperature of the polypropylene is 
above 85°C. 

29. A polypropylene according to any one of claims 20 to 28 wherein the polypropylene has a weight average molecular 
weight (Mw) in the range 5 to 5000 kDa. 

45 

30. A polypropylene according to any one of claims 20 to 29 wherein the polydispersity index (D) of the polypropylene 
ranges from 2 to 25. 

v 

50 
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